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A cable-driven parallel robot (CDPR) is a mechanism that controls the position and attitude of
an object using multiple cables. We propose an underwater cable-driven parallel robot (UCDPR),
which is a CDPR composed of multiple surface robots. A UCDPR is a type of mobile cable-
driven parallel robot (MCDPR) that is composed of multiple mobile robots and is an underwater
application of MCDPR, which has been used only on land and in the air. We describe the details
of the operational scenario of the UCDPR, from landing on the water to executing a task. We
also simulated numerically the stabilization phase required after landing on water and the
trajectory tracking control phase required for underwater exploration and other tasks. In this
numerical simulation, we used a high-gain feedback controller as the trajectory tracking
controller to add robustness to the control system. As a result, a trajectory tracking control was
realized within a tolerance tracking error range of 1072 m underwater in the presence of a
maximum current velocity of 0.8 m/s (= 1.5 knots), which is a control requirement.

1. Introduction

A cable-driven parallel robot (CDPR) is a type of parallel mechanism that uses multiple
cables to constrain an object and control its position and attitude by controlling the cable
lengths.(:2 When lightweight and flexible cables are used, the mechanism is lightweight and
can achieve a large payload capacity and function in a large workspace.

A CDPR consisting of multiple mobile robots is called a mobile cable-driven parallel robot
(MCDPR).®) An MCDPR is different from a typical CDPR in that it has kinematic redundancy
in its mechanism because the cable feed position can be actively changed by the controller. By
appropriately using kinematic redundancy, an MCDPR can do sub-tasks such as obstacle
avoidance and singularity avoidance in addition to the main task of trajectory tracking control.
The MCDPR has been applied to FASTKIT® and MoPICK (Mobile Pick-and-Place),”®) which do
pick-and-place operations in factories, and to mechanisms that coordinate multiple aerial robots
to do transportation and rescue operations.(-7) As described above, MCDPR has been considered
for many applications on land and in the air, but not much thought has been given to its
application underwater. One of the reasons for this is that the drag force and water currents on
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the object underwater are large and deform the cable, making it difficult to control the position
of the suspended object.

To solve the problem of underwater application of MCDPR, we proposed an underwater
cable-driven parallel robot (UCDPR), which is composed of multiple robots that work on the
surface of the water [autonomous surface vehicles (ASVs), unmanned surface vehicles (USVs),
and others],®® and developed a modeling method for the mechanism that takes into account cable
dynamics underwater®!9 and for a basic control system configuration.(1%-1

To operate the UCDPR in an actual environment, it is necessary to consider operational
scenarios!!>13) from the landing of the robot on the water to the execution of the objective task
(or the recovery of the robot), just as one must consider with general underwater robots [such as
remotely operated vehicles (ROVs) and autonomous underwater vehicle (AU Vs)], and to design
an appropriate controller for each scenario. Therefore, we have developed a scenario based on
the operation of a UCDPR in an actual environment and have performed control simulations
based on this operational scenario. To simplify the discussion, we assumed that the vertical
movement of the water surface due to waves on the water may be disregarded.

2. Overview of a UCDPR
2.1 Mechanism

Figure 1 shows a conceptual diagram of our proposed UCDPR. This UCDPR is an underwater
application of an MCDPR using multiple surface robots. A UCDPR with the configuration
shown in Fig. 1 can control the position and attitude (six degrees of freedom) of a suspended
object in three-dimensional space.
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Fig. 1. (Color online) Image of a UCDPR.
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In our UCDPR, the surface robot’s position is measured by the Global Positioning System
(GPS), and the cable lengths are measured by a rotary encoder. For a typical CDPR, the position
and attitude of the suspended object can be easily estimated from the geometric relationships to
the CDPR. However, underwater, it is difficult to accurately estimate the position and attitude of
a suspended object because of the effect of currents. Therefore, the position of the suspended
object was measured by acoustic positioning, and its attitude was measured by a gyro sensor.

2.2 Experimental device

Figure 2 shows the exterior and system configuration of the experimental device. Figure 2(a)
shows the experimental device, which is composed of two trolleys at the top of the frame. Two
cables are played out from each trolley to control the position of the suspended object on a two-
dimensional surface. The two trolleys are attached to independent timing belts, which move left
and right along the guide rails. These timing belts are actuated by DC motors. Winches are
attached to the top of the trolleys to control the cable lengths. These winches are actuated by DC
servo motors. All motors have hall encoders to measure the displacement of the trolley and the
reeling length of the cables from the angle of rotation of the motors.

The position of the suspended object is measured by acoustic positioning in actual
environments. However, the experimental device shown in Fig. 2(a) is too small to have an
acoustic positioning system installed. Therefore, image processing (color tracking) using
augmented reality (AR) markers attached to the four corners of the experimental device and
color tape attached to the suspended object is used to obtain the position of the suspended object
in real time.

The experimental device is also attached to a commercially available water pump to simulate
water currents. Although analysis of the velocity distribution is currently underway, the
experimental device enables control experiments that simulate actual conditions at sea.

Figure 2(b) shows a diagram of the control system of this experimental device. The control
system is composed of a Python-based control system on a computer (host system) and a control
system on a control board (Arduino Mega) attached to the experimental device (low-order
system). The host system and the low-order system exchange control command values and
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Fig. 2. (Color online) (a) Experimental device and (b) system configuration of the experimental device.
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sensor values via serial communication. The host system (computer) acquires the position of the
suspended object by image processing of the video captured by the USB camera. Using the
position of the suspended object, the cable lengths, and the position of the trolley sent from the
experimental device, the computer calculates the manipulated variable and sends the pulse width
modulation (PWM) value to the low-order system (Arduino Mega). The low-order system
controls the actuator according to this PWM value and sends the rotation angle of the motor to
the host system (computer). The control period of the experimental device is determined by the
frames per second (FPS) of the USB camera and the time required for image processing. The
control period of the control system used was 0.1 s.

3. Development of Operational Scenarios

The operational scenario assumed the basic operation of the UCDPR in an actual environment
(especially in the sea). A UCDPR realizes a chain of motion control from UCDPR landing on the
water to task execution by switching controllers according to each scenario. Although Fig. 3
shows only the motion of the UCDPR on a two-dimensional surface for the simplification of the
explanation, the same argument can be made in the actual environment (three-dimensional
space).

3.1 Scenario A: Calibration of mechanism and positioning control

Because the UCDPR is a mechanism composed of multiple surface robots and a suspended
object, it was difficult to accurately pinpoint the landing site on water of all components when
landing the UCDPR from the ground or a mother ship, even if the landing position was planned
in advance. In addition, there was a concern that the suspended object may sway underwater
because of the currents. Therefore, in Scenario A, calibration of the initial positions of the
surface robots and other components and positioning control of the suspended object underwater
was carried out to stabilize the mechanism. At the same time, we also checked the sensors and
communication system.
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Fig. 3. (Color online) Diagram of operational scenario.
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3.2 Scenario B: Guidance and control

In Scenario B, the UCDPR was guided from its initial position, which was held in place by
Scenario A, to the target position (e.g., the start of the reference path in Scenario C or the target
position in the work area in Scenario D). Guidance control of the UCDPR was achieved by
calculating the guidance path (trajectory) that smoothly connected the initial position and the
target position in real time and controlling UCDPR autonomously to track this guidance path.

3.3 Scenario C: Trajectory tracking control

In Scenario C, the trajectory tracking control of the UCDPR was carried out according to a
preplanned path (trajectory). The UCDPR trajectory tracking control system must be robust
against parameter errors, modeling errors, and variations in current velocity.
3.4 Scenario D: Execution of objective tasks

In Scenario D, the UCDPR carried out an arbitrary task at a preplanned target point by
positioning the surface robots and controlling the cable lengths. The objective task was done by
remote control from the ground or mother ship, or by autonomous control of the UCDPR.

Concrete tasks were expected to include underwater fixed-point observation and installation of
underwater structures.

4. Numerical Simulation Based on Operational Scenarios

We numerically simulated a simple operational example composed of Scenario A and
Scenario C for the experimental device shown in Fig. 2(a).

4.1 Mathematical models

First, the dynamics model of the entire UCDPR to be used as the control object of the
numerical simulation is given by Eq. (1). For a detailed derivation of this equation, refer to

Ref. 10.
{M(q) _GT(q)Mq{F} o
G(q) 0 4] L7r

Here, ¢q is the state vector of the position and attitude of the entire UCDPR, M(q) is the mass
matrix, and F(q) is a vector of generalized forces. The terms G(g) and y are defined by the
holonomic constraint ®(g) = 0 for the entire mechanism as
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: oD . .
O(q) = a—qq =G(q)q, Q)
d(q)=G(q)j+G(9)q, ©)
and
¥ =-G(q)§—2aG(q)§ - B°®(q), )

where ®(g) = 0 is a position constraint, Eq. (2) is a velocity constraint, and Eq. (3) is an
acceleration constraint. Equation (4) is a Baumgarte stabilization term that reduces numerical
errors and has o> 0 and 5> 0.

Next, we describe the inverse kinematics problem around a suspended object of UCDPR,
which is necessary for the controller design. The inverse kinematics problem for UCDPR is
different from that for CDPR because it requires solving the inverse dynamics problem in the
calculation. Therefore, the inverse kinematics problem of UCDPR is an inverse kinematics
problem in the broadest sense. For a detailed discussion of this problem, refer to Ref. 10. The
solution of the inverse kinematics around the suspended object is given by

K= Jobj (qobj ’ ﬂ’obj )q.obj é Jobj (qobj s ﬂ’obj )u (5)

and

Aoy = G (M 4, — F,p;) + h,k ©)

obj obj"" obj »

where ¢,,; is the state vector of the position and attitude of the suspended object, and & is a
vector of the position of the trolleys and the cable lengths, which are manipulated variables of the
UCDPR. The term u is a virtual control input in the kinematics controller, and by giving an
appropriate feedback input, the manipulated variables x can be calculated while reducing the
effects of disturbances. The term J,,; is a matrix that expresses the velocity relationship between
4,5 and K, and is represented by the manipulation force (tension) 4,,; on the suspended object,
which is the inverse dynamics solution of Eq. (6). In Eq. (6), M,; and F,; are the mass matrix
and the vector of the generalized force of the suspended object. h,y; k,p; is the internal force
caused by the kinematic redundancy of the UCDPR, and h,y; satisfies Gp; h,p;= 0. The term k,;
is an arbitrary vector expressing kinematic redundancy, which can be used to subtask the
mechanism if appropriately determined by solving optimization problems related to the tension
distribution of the UCDPR, trolley placement, and other features.(!)
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4.2 Control system

The trajectory tracking control system of the UCDPR is configured as shown in Fig. 4. In Fig.
4, q, . q,y and g5 are the reference trajectories of the suspended object. These reference
trajectories are defined in Sect. 4.2.1 together with the UCDPR control objectives. About the
virtual input u, the positioning controller for Scenario A and the trajectory tracking controller
for Scenario C are defined in Sect. 4.2.2. The optimization problem of calculating the kinematic

redundancy parameter k,; in Eq. (6) is formulated in Sect. 4.2.3.
4.2.1 Control objective

First, we describe the design of the reference trajectory of the suspended object. As shown in
a related study,(!) considering the actual control of trolleys and winches, if the manipulated
variable x and its first-order derivative (i.e., velocity) & are not continuous functions, the
suspended object will vibrate. As shown in Eq. (5), # includes the inverse kinematic solution 4,,;
of Eq. (6). Therefore, g,,; should be continuous until jerked, i.e., a third-order differentiable. In
this study, the reference path and reference trajectory of the suspended object were designed
independently, using the parameter s(¢) (0 < s < 1), which explicitly includes the time ¢ (0 <¢< 7).
Denoting the coordinates of the starting position of the path as q(’,’,j;’ and the coordinates of the
ending position as qofz’ , the reference trajectory of the suspended object is obtained using s(f) as

follows:
a5} (40)=(1~5(0) a5 + 0. 7

obj
clearly a third-order differentiable. At the same time, s(f) should also be a third-order

The path of the suspended object shown by Eq. (7) is the line connecting ¢.;; and qa’,',;’ and is

differentiable, so s(7) is given here as a seventh-order polynomial. Eight boundary conditions are
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Fig. 4. (Color online) Block diagram of the trajectory tracking system.
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needed to determine the coefficients of this polynomial. For these boundary conditions, s(0) = 0,
s0 Eq. (7) becomes g, (0) =4, at the start point of the path, and s(T) = 1, so that ¢, (T) = ¢qJ;

at the endpoint of the path. Also, s(O) = s(T) = s(O) = s(T) = S(O) = S(T) =0, so that the
suspended object stops at the start and end of the path (i.e., the velocity, acceleration, and jerk of
the suspended object are all set to 0). On the basis of this analysis, the path parameter s(¢) is

given by
! Y AN tY

On the basis of this discussion, the reference trajectory of the suspended object is given in
Fig. 5, where ¢/s" =[0.10, 0.30]" and ¢/ =[0.40, 0.15]". The 0 to 10 s phase is the positioning
control phase of Scenario A, the 10 to 20 s phase is the trajectory tracking control phase of
Scenario C, and the 20 to 30 s phase is for observing the residual vibration of the suspended
object.

Next, we describe the control objectives of the numerical simulations. We designed the
control system to stabilize the mechanism within 10 s after landing on water (Scenario A) and to
track the reference trajectory of the suspended object shown in Fig. 5 within =+ 1072 m of position

error (Scenario C) in the sea area with a maximum current velocity of 0.8 m/s (= 1.5 knots).
4.2.2 Design of the controllers

The feedback controller in the following equation is the positioning controller used in
Scenario A:

Scenario A Scenario C — %

Acceleration [m/ 52] Velocity [m/s] Displacement [m]
(=}

5 10 15 20 25 30
Time [s]

Fig. 5. (Color online) Reference trajectory of the suspended object.
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u, =k, (4 —q,,). ©)

Here, k 4 is the feedback gain. The feed-forward + feedback controller in the following equation
is the trajectory tracking controller used in Scenario C:

e =q; +kc (45 —49). (10)

Here, the first term on the right-hand side is the feedforward controller for trajectory tracking,
and the second term is the feedback controller for reducing disturbances and modeling errors.
The feedback gain k¢ is given a high gain to reduce the effect of current and modeling errors
caused by the dynamics of the cable. In general, this is called a high-gain feedback control (13
and is a simple method to improve the robustness of the control system. In this study, k¢ is
adjusted by trial and error for the motion of the UCDPR at the maximum current velocity of
0.8 m/s specified in the control objectives, and its effectiveness is verified in Sect. 4.3.

4.2.3 Optimization problem for redundancy parameter

The optimizer is designed to give the redundancy parameter k,;;, which indicates the
kinematic redundancy. We considered the optimization problem of the tension distribution of
cables, which is often considered a subtask of the typical MCDPR.G:!D The optimization
problem of tension distribution in UCDPR is defined as

min V=A" 1

obj” ¥ obj
Kon T

St Ay =G (M .,y — Fp) + oy,
K = J 1y (G Aoy
K= Ikdt
0<x,<0.7@{@=12)
0.10<x, —x,,.

(11

In this nonlinear optimization problem, x, is the displacement of the trolley, and the
inequality constraints are the range of motion of the two trolleys and the requirement that
the two trolleys do not collide.

4.3 Simulation
Numerical simulations were performed using the control system described in Sect. 4.2. In

this numerical simulation, the simulation environment was constructed using MATLAB/
Simulink.
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4.3.1 Variation of trajectory trackability in the case of uniform flow

Figure 6 shows the simulation results when the UCDPR tracked the reference trajectory
shown in Fig. 5 underwater at a current velocity of 0.8 m/s. Figures 6(a)—6(c) show the results of
the positioning control of Scenario A, and Figs. 6(d)—6(f) show the results of the trajectory
tracking control of Scenario C. As shown in Fig. 6(a), the cable lengths and the position of the
trolleys, which are determined from the geometric relationship of the UCDPR in static water, are
given as appropriate initial values for the manipulated variables & in the numerical simulation. In
Figs. 6(a) and 6(b), the UCDPR swung from the initial position of the path due to the current, but
by executing Scenario A, the state of the mechanism was stabilized as shown in Fig. 6(c) while
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Fig. 6. (Color online) Simulation results for scenario A and scenario C (current velocity: —0.8 m/s). (a) £ = 0 s,
) t=1.0s,(c)t=3.0s,(d)r=10.0s, (e) t=15.0s,and (f) =200 s.
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the effect of the current was reduced. In Figs. 6(d)—6(f), the UCDPR shifts to Scenario C and
accurately tracks the preplanned reference path.

Figure 7 shows the variations of the tracking error for the numerical simulations for several
current velocities. In Scenario A, the effect of the current velocity on the UCDPR was able to be
reduced within a predefined time for velocities up to 0.8 m/s. After shifting to Scenario C, the
position of the suspended object was able to be accurately tracked to the reference trajectory
within the tolerance range. The maximum tracking error was observed around 15 s for all
current velocities when the velocity of the reference trajectory was at its maximum.

Although the maximum current velocity was set at 0.8 m/s in the control objective in Sect. 4.1,
the effect of the current velocity was reduced in a given time even when a disturbance of 1.2 m/s,
which is outside the design range, was applied, and the tracking error was also kept within the
tolerance range.

The numerical simulations in this study did not include considerations of constraints such as
the maximum reeling speed of the winches and the speed of the trolley. In the future, it will be
necessary to develop controllers that consider these constraints of the mechanism.

4.3.2 Variation of trajectory trackability with variation of flow velocity

Figure 8 shows the variation in the behavior of a suspended object and the tracking error
when the current velocity was changed stepwise from 0.7 to 0.8 m/s (t = 13 s). As shown in Fig.
8, the suspended object deviated strongly from the reference path due to the step change in
current velocity during Scenario C and then converged at the end of the reference path with
damped oscillations caused by the recovery motion. However, it takes a considerable amount of
time for the suspended object to recover to the reference path.

These results indicate that a high-gain feedback controller improves the stability and the
trajectory tracking performance of the control system but deteriorates other control features that
have a trade-off relationship with the stability. In particular, the gain tuning has been done by
trial and error for the motion of the UCDPR at a maximum current velocity of 0.8 m/s, which is
defined as the control objective. Therefore, excessive robustness may have been given to the
control system, resulting in a conservative system.
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Fig. 8. (Color online) Comparison of tracking error: (a) #=0s and (b) 7= 1.0s.

In general, the control parameter of high-gain feedback is reported to depend on unknown
parameters such as the modeling error of the control model.!®) Excessive robustness was shown
to cause degradation of control performance, so the high gain was developed into an adaptive
control system that performs an online search based on control errors and other variables. In this
way, it may be possible to achieve both optimal stability and control performance at all times
while suppressing the effects of unknown parameters.

5. Conclusions

In this paper, we described an operational scenario for a UCDPR composed of multiple
surface robots and assuming an actual environment. We simulated the control of the UCDPR in
an operation scenario that included the control phase of positioning after landing on water
(Scenario A) and the control phase of tracking along a predefined path (Scenario C).

Because the main purpose of this paper was to develop an operational scenario, a high-gain
feedback controller was applied in the numerical simulation of Scenario C as a robust controller
that is relatively easy to implement. As a result, it was found that while sufficient trajectory
tracking was achieved for different current velocities in a uniform current, trajectory tracking
deteriorated when the current velocity changed during the trajectory tracking.

The control system design and simulation in this study focused mainly on the current velocity
as the only factor that changes the control performance of the UCDPR. However, in actual
environments, other factors may have a strong effect on the performance, such as the effect of
waves on surface robots, the stiffness of cables, and parameter errors of suspended objects.

The trajectory tracking controller in Eq. (10) is based on the kinematics around the suspended
object. Therefore, even if the trajectory tracking of the suspended object is sufficient for a given
reference path, there is no guarantee that it will be sufficient for a different reference trajectory
because the inertia and other dynamic characteristics of the suspended object will change. In the
future, we will develop an online retuning method of feedback gain based on adaptive control to
solve these problems as well as that of the conservativeness of robust control and to verify a
more active robust control method.
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In addition, we discussed only control methods for Scenarios A and C. In the future, we will

develop theories for online trajectory generation and guidance control methods for Scenario B

and for determining the workspace for Scenario D.
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